Neutrinos are copiously emitted from black hole accretion disks playing a fundamental role in their evolution, as well as in the production of gamma ray bursts and r-process nucleosynthesis. The black hole generates a strong gravitational field able to change the properties of the emerging neutrinos. We study the influence of the black hole spin on the structure of the neutrino surfaces, neutrino luminosities, average neutrino energies, and event counts at SuperK. We consider several disk models and provide estimates that cover different black hole efficiency scenarios. We discuss the influence of the detector's inclination with respect to the axis of the torus on neutrino properties. We find that tori around spinning black holes have larger luminosities, energies and rates compared to tori around static black holes, and that the inclination of the observer causes a reduction in the luminosities and detection rates but an increase in the average energies.
I. INTRODUCTION
The physics of stellar phenomena such as, gravitational radiation, the synthesis of heavy elements and short gamma ray bursts is closely tied to the emission of neutrinos from black hole (BH) accretion disks (AD). These systems can be one possible outcome from BHneutron star (NS) or NS-NS mergers [1] [2] [3] [4] . In relation to the synthesis of elements, given the neutron richness of their progenitors, BH-AD are proposed as good candidates for r-process nucleosynthesis [5] [6] [7] [8] . On the other hand, because of the vast amount of neutrinos emitted, neutrino annhilitation above the BH could provide the conditions needed to trigger gamma ray bursts [9] [10] [11] [12] . Equally interesting is the possibility of neutrino detection from ADs in future and current facilities as has been discussed in several works [13] [14] [15] .
Fully 3D general relativistic simulations are needed to study the implications of the space-time metric and of neutrino cooling on the evolution of BH-NS or NS-NS mergers [16] [17] [18] [19] [20] . Such simulations have shown that the evolution of the binary mergers depends on the initial binary parameters [17] . In particular, in BH-NS mergers the BH spin and its alignment characterize the accretion onto the BH [21, 22] . These simulations offer an important benchmark for predictions of neutrino energies and luminosities at infinity. They are, however, computationally demanding making simpler models and post-processing good alternatives for further studies of neutrino properties. * Electronic address: lcaballe@umail.iu.edu Good efforts have been devoted to studying BH-AD in the Kerr metric (suitable for spinning BHs) and in the Schwarzschild metric (adequate for non-spinning BHs). Some works have studied the structure of neutrino cooled disks accreting into rotating BHs, [11, 23] , and find higher neutrino fluxes than those obtained from their non-rotating counterparts. Other studies focus on the neutrino annihilation rates and find that the deposition energy from neutrino-antineutrino annihilation is larger for spinning BHs [24] [25] [26] . Harikae et al [27] also found considerable changes in the deposition rates when general relativistic effects were considered for neutrinos emitted in a long-term collapsar simulation. However, the dependence of observable properties, such as neutrino energies and event counts, among others, on BH spin has remained unexplored.
Neutrinos in the free streaming regime, i.e. once they have decoupled from the disk matter, can reach an observation (or absorption) point. The neutrino properties, e.g. fluxes, energies, and luminosities, observed at the point of emission will be different from the ones registered by an observer positioned anywhere else. The observed quantities change due to neutrino oscillations [30, 31] , neutrino interactions, and the gravitational field of the BH. For the latter, the consideration of the 3D geometry of the source is of particular importance, as the relativistic effects (bending of neutrino trajectories and energy shifts) depend on the space-time curvature. In previous works [28, 29] , we have studied the influence of gravity on the emission of neutrinos and the production of heavy elements in outflows emerging from BH-AD via a post-processing of merger simulations and following neutrino trajectories in strong gravity.
Here we extend our study of the neutrino properties by considering the influence of the BH spin and the observer's location. We gain further understanding on the structure of the neutrino surface and its correlation to the BH rotation. We provide estimates of electron antineutrino detection rates, counts and signal duration at SuperK [32] for a variety of AD models. We also discuss angular dependencies of neutrino properties: as the polar inclination of the observer changes, the bending of the neutrino trajectories and energy shifts will be affected. If the gravitational field is strong the curved trajectories allow detection of neutrinos emitted from regions of the neutrino spheres that would be inaccesible otherwise. In section II we discuss the models considered, in section III we study the influence of the BH spin on the structure of the neutrino surfaces, in section IV we show our results for an observer at infinity, and in section V we consider a distant observer at different inclinations. Finally we motive further work and conclude in section VI.
II. DISK MODELS
Due to the expensive computational cost of fully relativistic 3D simulations of collapsars and binary mergers it is worth trying out other approaches to gain physical insight. In this paper we use two different disk models. The first one describes a fully general relativistic steady state disk as in [23] . The second one is a two dimensional time-dependent hydrodynamical simulation of a torus with a pseudo-relativistic potential [33] .
In the first case we extend to 3D the one dimensional model from Chen and Belobodorov [23] , by estimating the vertical structure using a simple hydrostatic model that assumes that the gas forming the disk is at equilibrium under the gas and radiation pressure. Furthermore we assume axisymmetry. The model is hydrodynamical and uses the Kerr metric to account for two values of the BH spin a = Jc/GM 2 (J is the total angular momentum and M the BH mass). We label these models according to the BH spin: "C0" for a = 0 and "Ca" for a = 0.95. The mass of the BH is 3M ⊙ and the accretion rateṀ is constant.
In the second model, from Just et al [33] , the simulation is set up to be the equilibrium configuration of a constant angular momentum axisymmetric torus that emulates the final stages of compact binary mergers. The BH mass is 3M ⊙ and the BH spins are a = 0 and a = 0.8. We refer to these tori as J0 and Ja, respectively. The simulation is Newtonian and the gravitational effects of the BH are introduced via a modified Newtonian potential which is an extension of the Paczynski-Wiita potential [34] to rotating BHs [35] . This reproduces the radius of the innermost stable circular orbit in the Kerr metric. The structure of the torus evolves in time. To study the effects of the BH spin on the neutrino surfaces we use a t = 20 ms snapshot, when presumably the neutrino fluxes are the largest [28, 36] .
III. NEUTRINO SURFACES
The neutrino surfaces, analogous to the neutrino spheres of a protoneutron star (PNS) from a core collapse supernovae, are defined by the points above the equatorial plane where neutrinos decouple from the accretion torus. This happens when the neutrino depth τ = 2/3. τ depends on the neutrino opacity which is governed by the different scattering processes that neutrinos undergo as they diffuse through the torus. As matter is accreted into the BH it becomes hotter and nuclei dissociate. Therefore, we consider neutrino scattering from protons, neutrons and electrons. For scattering from neutrons and protons we have the charged current processes
and the neutral current processes ν + n → ν + n and ν + p → ν + p. We also consider elastic scattering from electrons and neutrino-antineutrino annihilation. The charged current reactions affect only electron (anti)neutrinos while the other processes affect all neutrino flavors. As tau and muon neutrinos scatter through the same processes we label these flavors as ν x . We find proton and neutron number densities assuming charge neutrality Y e = Y p , and the electron number density assuming equilibrium of thermal electrons and positrons with radiation. Details on the cross sections of the above reactions and on the optical depth calculation can be found in ref. [15] . We obtain thermally averaged cross sections by assuming a Fermi-Dirac distribution for the neutrinos with a temperature equal to the local torus temperature and zero chemical potential,
with φ(E ν ) the neutrino flux written in terms of the
This procedure removes the energy dependence of the neutrino surface, as our results have been properly energy weighted. Note, however, that the scattering neutrino surfaces differ from the effective neutrino surfaces (see e.g. [37] ), with the difference being larger for tau/muon neutrinos. Figure 1 shows a quarter of the electron neutrino and electron antineutrino surfaces corresponding to the Ca model (a = 0.95) andṀ = 5M ⊙ /s. The color scale represents the neutrino temperatures. The hotter neutrinos (yellow) are emitted closer to the BH. These will have the biggest contribution to the net neutrino fluxes. Tau/muon neutrino surfaces, not shown for clarity, are the hottest (T νx ≈ 10.5 MeV), followed by the electron antineutrino surfaces (Tν e ≈ 9 MeV). The coolest are the electron neutrino surfaces which are the farthest from the BH (T νe ≈ 8 MeV). This is similar to the flavor hierarchy found in the PNS neutrino spheres, and can be understood in terms of the reactions eqs. 1 and 2. Since the torus is abundant in neutrons, electron neutrino absorption on them, eq. 1, will have a more substantial effect on the mean free path than electron antineutrino absorption on protons, eq. 2, causing electron neutrinos to decouple at the lowest temperatures. ν x lack these charged current processes and decouple closest to the BH where the temperatures are higher. The geometry and temperatures of the neutrino surfaces for these tori are however different from those of a PNS. In the torus, near the BH, due to the gravitational potential, the accreted matter forms a funnel with lower densities. Closer to the BH there is an increment of the temperature, as matter radiates energy when falling to the BH. The emitted neutrinos move through this less dense medium for a shorter time, producing higher temperatures compared to a PNS. In the PNS, neutrinos diffuse through a denser medium as compared to a BH-AD, and decouple at lower temperatures (T νe ≈ 2.6, Tν e ≈ 4, and T νx ≈ 5 MeV) [14] . Fig. 2 shows a transversal cut of the electron antineutrino surfaces for the two models used here: ChenBeloborodov withṀ = 5M ⊙ /s (dotted lines) and Just et al (solid lines). For each model we find the electron antineutrino surfaces for two different spin parameters, a = 0 and a = 0.95 corresponding to the C0 and Ca models, respectively, and a = 0(0.8) for J0(Ja) models. In both sets of models, the taller surfaces correspond to the higher spin values. The color scale represents the temperature Tν e at the decoupling points. These are higher for spinning BH regardless of the disk model. For the Ca model, Tν e are as high as 9 MeV, while they are around 4.5 MeV for the C0 case. Similarly for the Ja model Tν e maximum is 7 MeV while for J0 the highest value is around 6 MeV. The BH spin also affects the extension of the disk; the higher the spin the larger the neutrino surface of the torus. This, as we explain later, impacts the neutrino luminosities and detection rates. Hotter neutrino surfaces for larger spins a are a consequence of the spacetime geometry. Matter rotating around a BH will release energy before plunging into it. The radius of the marginally stable circular orbit r I , also known as the innermost stable circular orbit or ISCO, is the smallest circle along which free particles may stably orbit around a BH. The binding energy that can be released increases as r I decreases, and r I decreases with the increment of the BH spin [38] . When the angular momentum per unit mass exceeds r I centrifugal forces will be significant and the matter will circulate around the BH. The extra angular momentum will be carried away by viscous stress. The viscous heating can then be converted to neutrino luminosity. The extension of the neutrino surfaces is also linked to space-time geometry. In Kerr BHs matter is hotter and denser when compared to Schwarzschild BHs. Neutrinos scatter in this denser medium taking, therefore, a larger distance to decouple which is reflected in larger neutrino surfaces.
IV. DISTANT OBSERVATION
Using our results for the neutrino surfaces, and following a similar methodology as in Refs. [15, 20] , we can estimate the number of neutrinos emitted per sec f e , the emitted luminosities L e ν , and average energies E e ν as
and
where the effective flux, i.e. the number of neutrinos emitted per unit energy, per unit area, per second, is
and φ(E e ) is the Fermi-Dirac flux (eq. 4). In the equations above the integral over dA e corresponds to an integral over the neutrino surface. Assuming isotropic emission will reduce the integral over dΩ e to 4π. The transformation of these quantities to an observer located at infinity can be done by using the invariance of phasespace density [20, 29] ,
with the subindex o denoting observed quantities. The relation between the observed E o and emitted E e energies is E e = (1 + z)E o where (1 + z) is the redshift. To a distant observer the distances appear stretched roughly by a factor of (1 + z), changing the areas accordingly. Putting this together we have
The number of neutrinos reaching a detector per second R is given by
where N T is the number of targets in the detector, E o are the neutrino energies registered, and σ(E o ) is the detector's neutrino cross section. The effective flux φ eff (E o ) reaching the detector is
where dΩ o is the solid angle that the torus subtends as seen by an observer at the detection point, i.e. dΩ o = sin ξdξdα, where ξ, α are spherical coordinates in the observer's sky.
We are interested in a distant observer. For this situation, the effective fluxes (eq. 14) will be strongly influenced by the energy shifts, while the effects of bending of trajectories, reflected in dΩ o , are smaller. We calculate the energy shifts in the Kerr metric. For the solid angle, we follow the null geodesics that travel away from the neutrino surfaces in the Schwarzschild metric, in order to ease the calculation without compromising our conclusions. Note that if we were interested in an observer that was closer to the BH, a calculation in the Kerr metric would be optimal, as null geodesics in the Kerr metric would lead to larger torus areas, seen by the observer. For a closer observer estimates of the apparent areas in the Schwarzschild metric would be an underestimate as compared with those obtained in the full Kerr metric.
For an observer located at infinity, and in the Schwarzschild metric, it suffices to estimate the effect of bending of trajectories by calculating dΩ o = bdbdα/r 2 o , where b, the neutrino's impact parameter, is
r s is the Schwarzschild radius and r + is the closest distance of the neutrino trajectory to the BH. For a trajectory that goes to infinity r + equals the emission points on the neutrino surface r e . On the other hand, the redshift in the Kerr metric depends on the BH spin a, the observer and emitter positions, and their relative velocities (see [29] ). For the latter we assume that the emitter and observer are in Keplerian rotation, such that their angular velocities are given by
with r o(e) the observer(emitter) distance to the BH. We estimate the number of neutrinos per second that could be detected in SuperK assuming 32 ktons of fiducial volume, with a threshold energy E th = 5 MeV [32] . Here the cross section in eq. 13 corresponds to captures of electron antineutrinos on protons [15] . We also assume that the torus is at 10 kpc from Earth and that we observe it on the z-axis, above its equatorial plane. Table I shows the detection rates R observed in SuperK, the observed electron (anti)neutrino luminosities at infinity L o , and the corresponding observed average energies for the C and J models. Comparing results between the same simulation approach (C0 with Ca, and J0 with Ja) we see that these observables are larger for the higher BH spin, a consequence of the conversion of the extra rotational energy into thermal energy. It is interesting to note that a PNS would produce about 1000 counts/s in SuperK and has a neutrino luminosity of 10 52 ergs/s [14] . The tori studied here lead to detection rates greater by a least a factor of 10, and luminosities higher by at least one order of magnitude, with the difference coming from the hotter neutrino surfaces as discussed in section III.
A full comparison of the microphysics of the two models studied here (Chen-Belobodorov vs Just et al.) is not the goal of this study. However, we address the differences between the results found in Table I . Although the luminosities are larger for the C0 vs the J0 models, the neutrino energies are lower. The same behavior is observed between the Ca and Ja tori. The differences can be understood in terms of the dependency of the neutrino temperatures with distance to the BH, and the extension of the neutrino surfaces. Close to the BH, where most neutrinos are emitted, the temperatures of C0 and J0 models are similar ∼5 MeV (as is also the case for Ca and Ja where T is around tens of MeV). However, the surfaces are much larger for the Chen-Belobodorov models when compared to the Just et al. ones. This leads to larger luminosities for C0(Ca) despite the higher temperatures of J0(Ja). Finally, neutrinos emitted farther from the BH contribute to the spectra with lower energies explaining the smaller average energies found for C0(Ca) compared to J0(Ja).
A broader picture of the accretion tori can be achieved by placing our post-processed results in context with those coming directly from fully relativistic simulations. Recent simulations of the long-term evolution of BH-NS mergers with an initial BH spin a = 0.9 and mass ratio of 4 showed the formation of a thick disk of 0.3M ⊙ and an accretion rate of ∼ 2M ⊙ /s [18] . The total initial neutrino luminosity was found to be around 10 54 erg/s, dropping to 2×10 53 erg/s 50 ms later. The neutrino energies, averaged over time, are 12 and 15 MeV for electron neutrinos and antineutrinos, respectively, decreasing at a rate of 1 MeV per 10ms. These are about 1 MeV larger compared to our spinning BH results of 11 and 13.4 MeV (Ja model) and larger by about 5 and 3 MeV for electron neutrinos and antineutrinos, respectively, for the Ca model. Note that in ref. [18] neutrino cooling followed a leakage scheme which neglects neutrino absorption. With an improved neutrino cooling scheme that uses an energy-integrated version of the moment formalism F, Foucart et al [16] studied the post-merger evolution of a BH-NS binary, focusing on the stage between disk formation and an achievement of a quasi-equilibrum phase. Their merger results in a disk of 0.1M ⊙ and a BH of 8M ⊙ with spin 0.87. In this case the luminosities are around 5 − 8 × 10 52 erg/s for electron neutrinos (the leakage scheme predicted luminosities 30% larger), 5 × 10 53 erg/s for electron antineutrinos, while the leakage scheme led to estimated energies of 11-13 MeV for electron neutrinos and 14-15 MeV for antineutrinos. Our results for neutrino luminosities and energies for the spinning models in Table I (in particular for the Ja model), are similar to those coming directly from the cited simulations despite the fact that the initial conditions are different as well as are the neutrino and gravity treatments. This comparison is useful to roughly check our results and shows that our ray-tracing technique is a reasonable tool for predicting neutrino related quantities via post-processing studies.
A. Steady accretion tori counts at SuperK
To estimate the total number of counts at SuperK we multiply the rates (obtained as Eq. 13) by the duration of the signal. This time can be calculated as the ratio of the energy emitted in the form of neutrinos E B ν to the total neutrino luminosity ∆t = E B ν /L ν . On the other hand, E B ν depends on the efficiency of converting gravitational energy to neutrino energy ε = E B ν /E G , and so ∆t = εE G /L ν . The gravitational energy is the rest mass energy E G = M T c 2 with M T the torus mass. We estimate the total number of counts for a collection of fully relativistic steady state tori, similar to the C models above, with different accretion rates. For these models the viscosity parameter is α = 0.1, the BH mass is 3M ⊙ , and the BH spin takes the values a = 0 or a = 0.95. We estimate ε in two ways. For the first, we assume radial accretion, where ε = L ν /Ṁ c 2 and then ∆t = M T /Ṁ . The second estimate accounts for the fact that the accreted matter carries angular momentum and therefore the efficiency depends on the BH spin. Then the efficiency ε is 1 −Ẽ with
and corresponds to the amount of energy radiated by matter reaching the BH through a series of almost circular orbits. 1 −Ẽ is the maximum of binding energy at the marginally stable circular orbit which has a radius r I . Thus for a BH of 3 M ⊙ with a spin a = 0 we find r I = 26.49 km and an efficiency ε = 0.057. For the spinning BH with a = 0.95, the efficiency is ε = 0.19 while r I = 8.91 km. These values are replaced in ∆t = εM T c 2 /L ν . Additionally, we take into account the time dilation occurring in the vicinity of the BH and our time interval as seen at Earth is ∆t o = ∆t(1 + z), where this redshift is an estimate taken from the overall redshift between the average observed and emitted neutrino energies. Our results predict signals lasting 0.14 to Figure 3 shows the total number of counts in SuperK for these tori as a function of the accretion rateṀ . The magenta band corresponds to a = 0.95 while the grey one to a = 0. The bands for a fixed value of a are obtained by using our two efficiency estimates. The lower limit corresponds to spherical accretion while the upper limit to the spin dependent efficiency. The total events from rapidly accreting tori is larger because these tori are more massive and so there is more material to be converted in neutrino energy. The number of counts can be about an order of magnitude higher for spinning BHs than nonrotating BHs in the case ofṀ = 3M ⊙ . However this difference is less evident as the accretion rate grows. This is because the efficiency calculated in our first estimate decreases faster with the accretion rate whereas the efficiency in the second estimate is constant for all rates. Therefore the corresponding signal duration for a = 0 in the optimistic case will eventually be similar to the pessimistic a = 0.95 case. If the accretion rate is low ∼ 3M ⊙ /sec then we predict a number of counts close to the current SN estimates (∼8000) for a spinning BH and roughly half of the SN events for a non-spinning BH. For higher accretion rates ∼ 9M ⊙ /sec we could have as much as four times the number of events of a SN in the most optimistic scenario.
The predictions for the Just et al model are similar to some extent. As this model is time dependent, we find the accretion mass rate by calculating the total mass of the torus at two different snapshots t = 20 ms and t = 60 ms so we get 0.146M ⊙ /s. The initial total mass of the torus is ∼ 0.3M ⊙ [33] . Then ∆t = M T /Ṁ = 2.05 sec. With the rates reported in table I this implies a total number of counts of ∼ 30750 for a BH spin a = 0 and ∼ 48300 when a = 0.8. On the other hand, using an efficiency of ε = 0.057 when a = 0 and ε = 0.12 for a = 0.8 we find ∆t ∼ 2.3 sec for both spin values. This results in a total number of counts of 34900 and 55200 for a = 0 and a = 0.8 respectively.
V. ANGULAR DEPENDENCE
So far we have considered the detection point to be at 10 kpc on the z-axis, perpendicular to the equatorial plane of the axisymmetric torus. However, given the mass distribution of the accreted matter it is natural to expect that neutrino fluxes, rates and any other quantity related to them will change according to the observer's inclination. From one side, the inclination changes the measured solid angle in the observer's sky. Furthermore, neutrinos bend their trajectories due to strong gravity, and regions of the neutrino surface that are invisible in Newtonian gravity could be detected in curved space. On the other hand, some neutrinos that could reach the observer, thanks to the gravitational lensing, can be reabsorbed if on their path to the observer they enter an opaque region. To address these points we locate the observer at r o = 5000 km away from the BH. This is a reasonable distance that once re-scaled to 10 kpc roughly reproduces the rates found above; it is far enough for our treatment of the geodesics in the Schwarzschild metric still to be valid, but close enough to allow us study the effect that the inclination has on the solid angle apparent to the observer. A direct calculation at 10 kpc will not shed light on the intricacies of the apparent solid angle Ω o .
We estimate the number of neutrinos observed per unit energy, per unit area, per second as
with the effective flux as in eq. 14. The observed number of neutrinos per second, luminosities, and average energies are as in Eq. 5-7 but evaluated in the observer's frame (the superscript changed by "o"). In this case the integral over the area is 4πr 2 o . The integral over the solid angle dΩ o = sin ξdξdα corresponds to the solid angle subtended by the neutrino surface and seen at r o . The observer is now closer to the BH and we need to find ξ by explicitly solving the neutrino null geodesics equation. In the Schwarzschild metric this is
where b is, as before, the neutrino's impact parameter, and origin of the spherical coordinates is centered in the BH. The integration of this equation goes from the emission points on the neutrino surface (r e , ϕ e ) to the observation point (r o , ϕ o ). Once b is found then ξ (and the solid angle) is given by
Neutrinos emitted from a particular point could travel around the BH several times: a neutrino emitted close to the BH can fall into it, reach the exterior with some deflection (first order image), or rotate around the BH spending more time near the horizon and finally escape to reach the observer (higher order image). In this study we limit ourselves to first order images. Higher orders will also contribute, though the contribution is expected to be subdominant for distant observers and for the BH mass considered here (not the case, however, for massive BHs and closer observers [39] ). As mentioned above, after neutrinos have left the neutrino surface they can pass again through an optically thick region on their way to the observer. The apparent solid angle is then not only affected by gravitational lensing but also by neutrino interactions with matter. To study the effect on neutrino fluxes due to changes in the apparent solid angle only we assume the torus is optically thin. By this we mean: once the neutrinos have decoupled from the optically thick region (at the neutrino surface), they do not re-encounter thick regions. In such case all the neutrino surface shown in figure 4 emits. This provides us with upper limits of our estimates. We contrast these results with two totally thick disks: one as seen by an observer on the z-axis (upper half torus, z > 0); and one where the observer is located on the z = 0 plane, noted by the red dot (not to scale), who will detect the grey surface (roughly half right torus) which starts at largest distance in the z-axis of the neutrino surface, see figure 4 . For both thick tori we are assuming that the parts of neutrino surface opposite to the obsever are undetected. This will lead to underestimates as neutrinos from those parts can actually reach the observer. figure 5 . The full torus assumes matter around the disk is neutrino transparent. The upper half of the torus will be detected by an observer in the z-axis. The grey right half would be seen by an observer in the z = 0 plane (red dot and not to scale) if the torus is opaque. The curved line on the torus shows the intersection of the its surface with the z = 0 plane. The torus model is the steady-state Ca with a spin a=0.95 and accretion rate 5M⊙/s. • . The torus model is the steady-state Ca with a spin a=0.95 and accretion rate 5M⊙/s. Thin lines correspond to neutrino transparent tori while thick lines to opaque ones. Figure 5 shows the electron neutrino fluxes at 5000 km from the center of the torus. The solid lines correspond to an observer's inclination i = 0
• , with respect to z-axis of the torus, and the dashed lines to i = 90
• . The thick lines assume the torus is optically thick while the thin lines correspond to an optically thin torus. In this way, an observer located at i • = 0 will register fluxes that are emitted from the upper half of the neutrino surface only. If the torus is optically thin neutrinos will reach the observer from the entire neutrino surface (including the lower half). Then at i = 0
• the thin fluxes roughly double the thick ones (compare black solid lines). At an inclination of 90
• (blue dashed lines), which is on the equatorial plane, the situation is different. If the torus is totally thick an observer will register fluxes emitted from the grey right half torus in figure 4 only. Then the hottest inner parts of the disk won't contribute. In the thin case neutrinos are emitted everywhere from the neutrino surface, enhancing the fluxes. Furthermore neutrinos emitted from the opposite half of the neutrino surface can also reach the observer due to strong deflection with lower chances of being reabsorbed (their geodesics do not cross the highest density regions). Additionally at this angle, the Doppler effect overcompensates the gravitational redshift, due to the angular velocity carried by the disk. The final result are the larger fluxes at higher energies described by the thin blue dashed line.
Based on fluxes obtained at different inclinations, with respect to the z-axis, we estimate electron antineutrino average energies, luminosities and detection rates at SuperK. The results are shown in Figure 5 , for a torus of accretion rate 5M ⊙ /s and for BH spins a = 0 and a = 0.95 (C0 and Ca models). The quantities are calculated at 5000 km from the BH and the detection rates have been rescaled to 10kpc. Red lines correspond to a BH with spin a = 0.95 (indicated with a in the legend), while estimates corresponding to a BH with zero spin are represented by black lines. If the torus is neutrino transparent (i.e. assuming they don't re-encounter an optically thick region after they leave the neutrino surface) the full neutrino surface is considered and the results are represented by solid thin lines. We contrast these results by considering emission of the upper half only, i.e. above the equatorial plane, of the neutrino surface (dotted-dashed thick lines). As the inclination increases the solid angle subtended by the neutrino surface decreases, producing a reduction in the luminosities and rates. The average energy, estimated as the ratio between the luminosity and the number of neutrinos per second, becomes insensitive to this reduction. Its behavior is mainly affected by the energy shifts. At zero inclination the neutrino energies observed from different parts of the neutrino surface are all similarly redshifted: gravitational redshift dominates over Doppler shifts. In this case the linear velocity of an element of emitting matter is perpendicular to the observer's. As the inclination increases the linear velocity of the disk becomes parallel to the observer's. Then energies of half the torus are redshifted and the other half appear blueshifted. Thus the shifts in energies are totally different from the shifts in the perpendicular direction. The overall effect is a maximum increase in the observed average energies of about 2 MeV for a = 0.95 and 1 MeV for a = 0 from i = 0 to i = 90 deg. Considering a transparent (full) torus has the obvious consequence of having roughly twice the luminosities and rates than the corresponding quantities for a half torus. The small differences in the average energies are due to the fact that the lower parts (for z < 0) of the full neutrino surface are farther from the observer who registers different redshifts for neutrinos coming from that area compared to the ones coming from the upper half. When the inclination is 90 degrees the number luminosities and luminosities of the full torus are twice half the disk and the average energies are the same. The differences in average energies when a full or half torus are considered are larger for spinning BHs than for the a = 0 case. This is because the energy shift depends on the BH spin and therefore the higher the spin the larger the differences in the average energies between the full and half tori.
VI. SUMMARY AND CONCLUSIONS
Collapsars, BH-NS and NS-NS mergers can evolve into a BH surrounded by an accretion disk. The physics of these objects is crucial in our understanding of gravitiational waves, gamma ray bursts and the production of heavy neutron-rich nuclei. The structure of the BH affects the thermodynamic properties of the disk leading to changes in the neutrino surfaces, their fluxes, and consequently in the setting of the neutron to proton fraction, and annihilation rates. We have studied the influence that the BH spin and the location of a distant observer have on several neutrino properties using a ray-tracing technique in general relativity. For the torus model we have used two different approaches: 1) an extension to 3D of a one dimensional fully relativistic steady state disk and 2) a time-dependent axisymmetric hydrodynamical torus. For both models we found that the spin of the BH strongly affects the behavior of the neutrino surfaces. Regardless of the flavor, the neutrino surface of an accreting torus around a spinning BH has, when compared to the non-spinning BH, higher neutrino temperatures and larger neutrino surfaces. These characteristics lead to higher neutrino luminosities and average energies. More luminous neutrinos would annihilate at a higher rate and therefore, rotating BHs with total neutrino luminosities ∼ 10 54 are a more likely short gamma ray burst source than steady ones (in agreement with [9] ).
Our estimates for neutrino counts per second at SuperK, assuming the source is at 10 kpc, are larger for disks around spinning BHs, and these detection rates are at least a factor of 10 larger than supernova detection rates, regardless of the torus model. This due to the larger temperatures. The total number of counts and the duration of the signal depend on the efficiency of converting gravitational energy into neutrino energy. Spinning BHs are more efficient and this is reflected in the larger counts we predict compared to the tori around static BHs. For constant accretion rates we estimate signals lasting tenths of seconds, whereas the number of events varies from few to several thousands (increasing with the accretion rate).
The fluxes, luminosities, average energies and detection rates depend on the angle that the disk describes in the observer's sky. At larger inclinations the fluxes, luminosities, and detection rates decrease. This is due to the fact that the apparent area of the neutrino surface becomes smaller with increasing angles. Due to Doppler effects, included already in the energy shifts, the average energies increase with the inclination of the observer.
As the possibly observable quantities depend on the apparent emission area to the observer, it is relevant to ask: What is the appropriate neutrino surface for a given observer's inclination? Here we assumed that once the neutrinos decouple from matter, at the last points of scattering, they do not pass through an optically thick region again. This however could lead to overestimates and so we contrast these results with a case where only the upper half of the neutrino surface (on the z > 0) emits. For example, in the case of an observer located on the axis perpendicular to the plane of the disk (here zaxis) it is reasonable to assume that neutrinos located in the lower half will likely be reabsorbed as they are back to the high density regions "inside" the neutrino surface. Then at zero inclination our estimates from the upper half of the torus seem reasonable, whereas the full disk provides us with upper limits. However, geodesics coming from the lower part could indeed reach the observer due to the deflection of neutrino trajectories. This effect is stronger as the observer's inclination is increased. For an observer located on the equatorial plane (i = 90
• ) neutrinos emitted from the farthest (opposite) parts of the torus leave the disk with trajectories tangential to the disk and have fewer chances to be re-absorbed. Then gravitational effects would allow us to "see" the opposite side of the neutrino surface. Similarly, the hottest neutrinos emitted near the BH can be strongly deflected and reach the observer contributing to the total flux. At this inclination, considering only a part of the neutrino surface as the emitting area would lead to underestimates. We found that the average energies are not largely affected by these considerations compared to the effects on luminosities and detection rates. The latter could be overestimated by roughly a factor of two if the tori are assumed transparent for zero inclination, and perhaps by a larger factor for observers near the equatorial plane of the disks. We will leave for future work a detailed study of the effects of reabsorption of the neutrino geodesics.
The results presented here also motivate future studies on the effects of the BH spin on the synthesis of elements. Neutrinos set the electron fraction and any changes in the neutrino fluxes will be reflected on the element abundances, particularly in the wind nucleosynthesis. Furthermore, the properties of the torus outflows will change at different inclinations. The gravitational effects will be much more prominent as the observer, in this case the outflowing matter, is closer to the BH than the observers considered here. We will also address this in future work.
